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Summary is somewhat constrained by circumstance. The

Three-dimensional (3-D), "real-world" pictorial same correction techniques can be applied to stereo

displays that incorporate "true" depth cues via stere- displays in helmet-mounted displays, which have

opsis techniques have proved effective for displaying inherent unrestricted head movement.

complex information in a natural way to enhance sit- Introduction
uational awareness and improve pilot/vehicle perfor-
mance. In such displays, the display designer must The by real-wo pictoria displayseareepro-
map the depths in the real world to the depths avail- vided by displaying to each eye a disparate view of
able with the stereo display system. However, the hu- the visual scene using various display hardware sys-
man subject does not perceive the information at ex- tems; in these displays, the right eye sees only the
actly the depth at which it is mathematically placed. right-eye scene and the left eye sees only the left-

Head movements can also seriously distort the depth eye scene. Lateral disparity, which is the horizon-

information embedded in stereo 3-D displays because tal displacement of an object from the center of the

the transformations used in mapping the visual scene screen to a stereo-pair presentation, is used to place

to the depth-viewing volume (DVV) depend intrinsi- the object at some depth from the screen.

cally on the viewer location. The goal of this research The 3-D presentation of 3-D information, rather
has been to provide corrections for depth errors to the than the conventional two-dimensional (2-D) display
lateral disparity calculations used to generate stereo of such information, has become an accepted practice
displays. Two correction techniques are presented; in fields such as meteorology, molecular modeling,
the first technique corrects the original visual sceiie medical imaging, and computer-aided design (CAD).
to the DVV mapping based on human perception er- The application of stereo technology also has been
rors, and the second corrects for errors induced by investigated for years within the flight display com-
head movements based on head-positioning sensor munity. These efforts have been particularly intense
input data. for helmet-mounted head-up display applications be-

Empirical data have been gathered whic,, ýom- cause the display of stereopsis cueing information has

pare perceived depth via subject judgment (from been readily available with binocular helmet systems

physical probe placements) against computed depth (refs. 1 to 4). Additional investigations that uti-

(from lateral disparity calculations). The data are lize electronic shutters or polarized filters rather than

presented to validate both correction techniques. helmet optics to present separate left- and right-eye

The first technique of recomputing the depth place- views have also been conducted (refs. 4 to 12).

ment of objects so that they are perceived at the Subjective and objective results from most of
desired depth is a simple linear relation, and data these studies indicated that the depth cues pro-
are presented which compare perceived depth er- vided by the stereo displays enhanced the situational
ror with and without the correction technique. The awareness of the pilot and improved pilot/vehicle
head-movement correction technique involves trans- performances. Stereopsis cueing was not only effec-
formations based on the six degrees of freedom tive in situational awareness enhancements of picto-
for head movement. Of these six degrees of free- rial displays but also offered the potential to declutter
dom, the most critical in terms of effects on lat- complex informational displays and to provide more
eral disparity calculations is the forward and back- effective alerting functions to the flight crew.
ward head movement. The other five degrees of A knowledge of where and how accurately a sub-
freedom, for various reasons, have negligible effects ject perceives the depth cues placed within the DVV
on lateral disparity. Validation data for the for- (the volume around the viewing screen in which ob-
ward and backward head movement are presented jects may be perceived by an observer as being either
for the cases of no head movement, head move- in front of, at screen depth, or behind the screen) is
ment without correction, and head movement with essential to enable effective displays for precision con-
correction. trol tasks. Placement of the objects within the DVV.

A combination of both correction techniques ef- based on the mapping of the visual scene to the DVV,
fectively eliminates the disth rtions of depth infor- is not sufficient because the human subject does not
mation embedded in stereo 3-D displays. The perceive the object at exactly the depth at which it is
head-movement distorti )ns of depth information are mathematically placed (ref. 9). Head movements can
most disruptive wito large-screen displays (e.g., pro- also seriously distort the depth information embed-
jected displays) which allow some freedom for head ded in stereo 3-D displays because the transforma-
movement. These errors are less disruptive for tions used in mapping the visual scene to the DVV
small, head-down displays because head movement depend intrinsically on the viewer location.



The goal of this research has been to provide D screen distance, in.
corrections for depth errors to the lateral disparity D,. corrected screen distance, in.
calculations used to generate stereo displays. Two
correction techniques are presented, one technique d depth, in.

corrects the original visual scene to the DVV map- d( corrected depth for screen
ping based oil human perception errors, and the sec- distance D for object placed
ond corrects for errors induced by head movements at d. ill.
based on head-positioning sensor input data. i interocular separation dis-

After presenting background information con- tance. in.
cerning stereo display generation, the problems of
depth perception errors and head-movement distor- rdtacbtn enter of
tions are discussed. A description of the equip- of observer's eyes, in.
ment involved in the generation of stereo displays
and the correction calculations follows. The correc- x forward and backward trans-
tion technique for depth perception errors with no lation of head from calibration
head movement is then discussed. This technique position (initial zero condi-
allows the display designer to place depth informa- tion). in.
tion at perceived depth locations rather than at the y lateral disparity, in.
computed depth locations (where they would be per-
ceived incorrectly). Data are presented, both with e pitch rotation of head from

and without the correction technique, which compare calibration position (initial

perceived depth error via subject judgment (from zero condition). rad

physical probe placements) against computed depth IP yaw rotation of head cali-
(from lateral disparity calculations). bration position (initial zero

The head-movement correction technique then is conditions). rad

addressed. This technique involves transformations Definitions:
based on the six degrees of freedom for head move-
ment. Of these six degrees of freedom, the most accommodation change in focus accomplished

critical in terms of effects on lateral disparity cal- by change in lens thickness of

culations is the forward and backward head move- eye. which changes focal length

ment. The other five degrees of freedom, for various binocular viewed by both eyes
reasons that are discussed, have negligible effects on
lateral disparity. The forward and backward move- b the be
merit changes the screen distance for both eyes, and
this movement has a large effect on lateral disparity, depth-viewing volume provided by stereopsis
The lack of correction for this movement is quite no- volume display techniques. encompass-
ticeable. A detailed explanation of the forward and ing space both in front of and
backward movement effects on the observer for stereo behind CRT screen: in this
displays will therefore be presented. paper, determination of this

Because of the significance of the forward and volume concerns only depth

backward movement in stereo displays, validation component, excluding consid-

data comparing perceived depth error against com-

puted depth are presented for the cases of no components

head movement, forward and backward head move- diplopia double vision, a condition
ment without correction, and head movements with induced by use of large lateral
correction. disparities

Symbols and Definitions interocular lateral distance between two

distance retinas of eye. in.

Symbols lateral horizontal displacement of

a elevation angle of line connect- disparity object from center of screen

ing points in r, rad to stereo-pair presentation
required to place object at

b= sin' (i/2r), rad some depth from screen
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lateral retinal positional differences occurring at infinity). For objects to appear in front of the
disparity in two different views of screen, a displacement to the right is used for the

visual scene from viewpoints left-eye view and to the left for the right-eye view.
separated by lateral distance
that scales interocular distance Depth Cues
between two retinas of eye In binoptic or monoscopic displays of perspective

monoscopic viewed by one eye only real-world scenes, a great deal of depth information
is provided by such cues as linear perspective, rela-

stereopsis display of information utilizing tive size, shape, object interposition, motion perspec-
cueing depth dimension and intro- tive, motion parallax, texture gradients, and shading.

duced by means of lateral Stereoscopic displays of such scenes add the cues of
disparity lateral retinal disparity (the positional differences oc-

curring within the retinas of the eyes in two differ-
vrencoationeal eye withponto ient views of the visual scene from viewpoints sepa-
align each eye with pointing, rated by a lateral distance that scales the interocular
scene; in real-world viewing, distance between the two retinas) and the muscular

or inward so that lines of movement and tension cues associated with vergence

sight of both eyes intersect at (the rotational movement of the eyes to align each
depth distance of object being eye with a point in the scene). In real-world viewing,
fixated the muscles rotate the eyes outward or inward so that

the lines of sight of both eyes intersect at the depth

Stereopsis Techniques distance of the object being fixated.

In stereoscopic displays, the introduction of lat-
High-fidelity, 3-D displays that incorporate true eral disparity initiates vergence to create a perceived

depth in the display elements are provided by dis- depth (fig. 1). Although lateral disparity and ver-
playing to each eye a disparate view of the visual gence are usually interdependent and nonseparative,
scene. Various display hardware systems present the the physiological cues associated with the eye muscles
two views to the observer such that the right eye controlling vergence movements are separate cues
sees only the right-eye scene and the left eye sees from those of lateral disparity in the psychophys-
only the left-eye scene. These hardware systems in- ical and physiological literature (refs. 13 and 14).
clude refracting or reflecting stereoscopes and sys- Stereoscopic displays thus produce both the muscu-
tems that incorporate electronic or mechanical shut- lar cues and the disparity/vergence cues associated
ters or polarized or color filters. Helmet-mounted with depth perceptions.
systems depend on a direct presentation of each eye Other depth cues that are present in real-worldview.Otedetcustaarprsninra-od

viewing are changes in focus (accommodation) and
Regardless of the display hardware system, graph- pupil size (although pupil size remains constant for

ics software is necessary to create the left- and right- object distances greater than approximately 3 ft). In
eye stereo-pair images. The graphics generation stereoscopic displays, the viewing distance that af-
computer performs this task by resolving the single- fects both accommodation and pupil size is the screen
viewpoint visual data base stored within it into the distance (the eye to image source distance), which
desired stereo pair (as described in the section enti- remains constant. Thus, the major depth cue miss-
tled "Graphics Generation Hardware and Software." ing in the synthetic generation of stereoscopic dis-
Figure 1 illustrates the parallax concept that is em- plays is the change in accommodation with fixation-
ployed to produce objects behind the monitor screen point depth, and it is, indeed, a major lack because
via stereo pairs. Figure 2 illustrates the concept as accommodation and convergence are highly inter-
it is employed to produce objects at various depths. active. For a fixed accommodation distance, a lim-
The heavy horizontal line represents the screen of the ited range of vergence conditions exist which will re-
display monitor. To present an object that appears suilt in comfortable, clear, fused, single vision. This
at the depth of the screen, the object is drawn in the restriction implies that for a given screen distance
same location for both stereo-pair views. For objects for a stereoscopic display, limits exist to the amount
to appear behind the screen, the object is displaced of lateral disparity that is usable by the display de-
from that position to the left for the left-eye view and signer. These limits require the display designer. in
to the right for the right-eye view (with the displace- the case of real world pictorial displays, to map the
ment reaching a maximum value to place an object depths in the real world to the depths available with
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the stereo display system. Figure 3 illustrates the least. until the extremes of the computed depths (x-
mapping of a real-world scene to the stereo-viewing anmined in tlihe experiment are reached. The size of
volume, the confidence intervals about the perceived depth

means within these extreme regions is such that these
Depth and Lateral Disparity Relationship regions are not usable for practical applications.

Figure 4 presents the geometric relationship be- Figure 6 (also taken from ref. 9) presents the
tween lateral disparity and depth for objects appear- 95-percent confidence interval for perceived depth er-
ing behind the screen, which is the case of positive ror as a function of compute(l depth. with both nor-
disparity (divergent, or uncrossed. disparity). By inalized to the screen distance of 19 in. The pos-
similar triangles. itive error represents objects that are perceive(d as

too far from the observer. and the positive depth
id placement represents objects placed behind tie view-

- 2(D + d) ing screen. Subjects are much more accurate in
their perceived depth estinmates for the in-front ii-

Objects appearing in front of the screen (negative ages compared with Ithc behind-the-screen (ondi-
d) obey the same equation, and they have negative tions. However. as objects are d farther ;in
disparity (negative y, for convergent, or crossed, dis- front of the screen and closer to the observvc: t 1 ,v
parity). The maximum positive disparity considered quickly begin to b)lur. Even though th(, distance
allowable under any circumstances is one-half the judgments are more accurate, the usable volume in
interocular distance, which would produce parallel front of the screen is smaller than the usable vol-
lines of sight (for objects at infinity). The maximum iume behind the screen. Reference 9 suggests an ar-
negative disparity would be limited for objects along bitrary criteria of comfo:table. unblurred single vi-
the centerline to one-half the width of the screen. sion in front of the screen and(. equally arbitrarily.
However, these extremes will far exceed the limits less than 10-percent perceived depth error behind
for comfortable, usable viewing (ref. 9). the screen to determine the usable DVV. These cri-

teria result in a usable DVV that falls between -0.25
Depth Perception Problem and 0.6 of the screen distance (the 10-percent er-

ror criteria are marked with lines in fig. 6). Within
In reference 9. a determination is nmde of the i us- this practical DVV. subjects will consistently over-

able DVV that is available for the practical use of estimate the dlepth of objects placed b~ehiind( the

stereo displays. This effort involves the presentation screen of the deisphla system but with less than a

of an object to an observer at a computed depth via 10-percent error. The in-front depth e::linates will

the stereoscopic display technique by using a one-to- tbe essentially correct.

one mapping of the real world to the stereo-viewing

volume. The observer then positions a physical probe Head-Movement Problem
(a real-world probe) to the distance that represents
where the image is perceived to be. Figure 5 (taken Stereo displays are created by generating left- and
front ref. 9) presents the 95-percent confidence in- right-eye views of the display: these displays are pre-
tervals for perceived depth from the display screen; sented such that the right eye sees only the right-eve
these intervals are a function of the computed depth scene and the left eve sees only the left-eve scene.
from the screen from the lateral disparity values for The introduction of lateral disparity into the stereo-
a screen distance of 19 in. The data represent the pair initiates vergence to create a perceived depth.
results of 192 trials in which four subjects judged The top portion of figure 7 again illustrates the par-
four repetitions at each depth position. A straight allax concept that is use(d to produce objects behind
line with a slope of 1 is also presented in the figures, tiei monitor screen via stereo pairs. If the subject
thus representing the ideal case of perceived depth viewing a stereo displlay moves away from the dis-
coinciding with computed depth. For objects placed play screen and the lateral (tisparity remains coni-
in front of the screen, the occurrence of severe ob- stant (i.e.. it. is not corrected for this movement).
ject blurring limits the usable volume. Increasing the perceived object will appear to retreat farther
the object depth (lateral disparity) in front of the from the screen (as illustrated in the b)ottom portion
screen results eventually in diplopia (double. vision), of fig. 7). Conversely. if the subject moves forward
For objects placed behind the screen, the depth per- toward the screen, the object appears to also miove
ceived is increasingly larger than that presented; that toward the screen. Thus, any foward or backward
is, the farther the object is placed behind the screen. head movement effect is exaggerated by the acconi-
the larger the error becomes. This fact is true, at panying object movement. To further confuse tie
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viewer, objects presented in front of tile screen per- Seated observer movements in the other two de-
versely move in directions opposite to those of objects grees of freedom, by rolling the head or shifting the
located behind the screen (fig. 8). Therefore, the for- body in the forward or backward direction, can have
ward and backward head movement can seriously dis- large effects on lateral disparity. Roll-movement cor-
tort the depth information embedded in stereo 3-D rection requires transferring lateral disparity to ver-
(lisplays. tical disparity such that the depth position of objects

in the scene does not change. However, head roll an-
The other five degrees of freedom, for the var- gles in practical applications are usually small so that

ious reasons now discussed. have negligible effects the correction, or lack of it. is barely noticeable. Pro-
on lat eral disparity. However. some movemlents in visions within the transformation equations and the
those degrees of freedom can have (hranatic effects stereo head-movenent correction equation to account
oin the visual scene. The standard matrix transfor- for roll movements are included. however.
moat ion equat ions are used t o account for t hose effects
(ref. 15). Because the transformation matrix equa- Experimental Apparatus
toins are not ,m(dtifeed to affect lateral disparity for
stereo listlays. they are not resentd.e experiment was conducted utilizing a graph-

ics display generator and associated stereo software. a

Movements in the vertical plane by a seated ob- display format, tile stereo display system hardware. a

server. by nodding the head (vertical rotation, or six degree-of-freedom magnetic head position sensor.

p)itch) or stretching or slumping the neck and body and an observer station (fig. 9).

(vertical translation). are necessarily small. Because
these movements are orthogonal to the lateral dispar- Graphics Generation Hardware and

it'v axis. they have a negligible effect on the lateral Software

disparity calculations. Pitch inovemient does change The graphics generation hardware consisted of
the screen distance slightly, and vertical movement a Silicon Graphics IRIS 70 GT. Graphics software
is a simple translation of the viewpoint of 1)oth within the graphics generator was used to generate
e'ves. Both effects are easily accommodated within the stereo pairs with the required lateral disparity.
the mniatrix transformation equations and within the First. left- and right-eye coordinate systems were
stereo head-niovenient correction equation (which is created as offsets from the viewer coordinate system
presented in the section entitled "Head-Movement of tile visual scene. (See ref. 15 for a discussion of
Correct ion"). computer graphics principles.) Clipping then was

employed to limit each eve view to the display surface
Lateral plane umovements hy a seated observer, boundaries. Finally, simple perspective division was

which are ina(de by turning the head (lateral rotation, used to transform the 3-D viewing volumes to 2-D
or yaw) or shifting the body to the left or right (lat- view ports whose centers were offset from the center
eral translation). also have negligible effects on lat- of the display screen by one-half of the maximum-
eral disparity. Yaw iiovement, does change the screen allowed lateral disparity (which was used to represent
distance slightly for both eyes. but the main visual objects at infinite distance).
effect is to rotate the vanishing point of the scene
in a horizontal direction about the point of dispar- Visual Display Format
itv application. The vanishing point is the t)oint of

perspective convergence, that is. the point to which The display format utilized in the depth deter-

parallel lines, viewed in perspective. converge. The mination task consisted of three elements: a horizon

change in vanishing point is a dramatic visual change. line that separated blue sky from brown earth, as

but it does not affect lateral dlisparity calculations. typically used in electronic attitude display indica-
tors: a single vertical rod that was always located at

Likewise. lateral movement (which is a simple screen depth for reference purposes and was in the
translation of the viewpoint of both eyes) is an- middle of the display monitor; and a duplicate verti-
other dranmatic visual change that has no effect on cal rod that was located at the calculated depth from
tlie lateral disparity. In fact, correcting for lat- the screen by means of lateral disparity in the stereo-
eral movement (anmd/or vertical movement) provides scopic display. The latter rod., which was used as the
stereo displays with a "look-aromtd" capability, or a depth target. was positioned such that the left-most
holographic-like capability, which is quite impressive, image of the stereo pair never was positioned off the
Again, both lateral plane effects are easily acconimio- screen. and the virtual image produced by the stereo
dated within the transformation equations an(t the pair always was located 2.5 in. from the left side of
stereo head- noveiment correction equation. the Cathode-ray tube (CRT) monitor. The horizon
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line was banked to the left by 3' so that it could which the observer believed matched the perceived
conceptually represent infinity. (With zero bank, the depth of the image presented on the CRT screen.
horizon line could not exhibit any lateral disparity The movable probe was constrained to move along
and, hence, no depth.) This horizon line was pre- the left side of the CRT without the observer's view
sented with a lateral disparity of i/2 for each subject. (with both eyes) of the probe being obstructed by the
The two vertical rods were identical in size, regardless monitor. The observer, therefore, was not forced to
of the relative depths, such that no perspective cues move his head to view either the image or the probe.
were available. Figure 10 illustrates the full-screen thus ensuring a maintenance of accurate screen
display format (as would be observed by a subject). distance.

To locate images that were perceived as being
in front of the CRT screen, the observer held tile

The stereo display system hardware operated by push stick horizontally in front of the screen to
modifying the video signals supplied by the graphics position the pencil-shaped probe that was mounted
display generation system. These video signals pre- vertically at the end of the stick. Placement of
sented a noninterlaced frame at 60 Hz and consisted the probe was therefore intrusive to the stereoscopic
of both the left- and right-eye stereo-pair images. display. whereas the behind-the-screen probe did not
(Fig. 11 presents the display as drawn by the graph- impinge upon the display. Both probes required
ics generation system in a stereo-pair arrangement.) the observer to adjust his accommodation cues from
The stereo display system hardware separated the the screen distance to the probe distance. These
left- and right-eye scenes and presented each alter- changes in accommodation between screen and probe
nately (at 120 Hz) spread across the entire monitor were expected to result in more accurate distance
screen (i.e., time-multiplexed stereo, which resulted judgments for both the real and the virtual objects.
in a 50-percent loss in vertical resolution), as shown
in figure 10. A screen-mounted liquid-crystal shutter Experimental Procedure
was synchronized with the stereo pair such that with Three subjects were presented with randomized
polarized glasses, the right eye saw only the right- computed depths, with three replicates of each depth
eye scene and the left eye saw only the left-eye scene, position occurring during the data collection ses-
each at 60 Hz. without flicker. The stereo visual sys- sions. Six sets of data were gathered. Two sets
tem hardware was developed by the StereoGraphics dealt with the depth-perception correction technique.
Corporation (ref. 16). which consisted of one set each for the uncorrected

perception case with no head movement and an-
Head Position Sensor other set for the perception-corrected case with no
The head position sensor used (ref. 17) consisted head movement. The other four sets dealt with

of a receiver module, which was attached to the stereo head movement, and all four sets utilized the depth-
goggles. and a transmitter module, which was fixed perception correction technique. These sets consisted
in a rigid position approximately 6 in. above the of the perception-corrected case with a 20-percent
subject's head for the 19-in. screen distance setup. forward head movement, both with and without
The system which was specified to provide the six- head-movement corrections, and of tile perception-
degree-of-freedom movements about the calibration corrected case with a 20-percent backward head
zero point within a cubic volume of 20 in. per side, movement, both with and without head-movement
had a precision of less than 0.5 in. translationally and corrections. The cases with head movement were not
0.50 rotationally at an update rate of 60 Hz. dynamic; i.e., the head position remained fixed af-

ter the original displacement. The initial position of
Observer Station and Task the depth probe was randomized before the presenta-

tion of the next depth condition to avoid any possibleThe observer station consisted of a chair, a head- hytrssef c .
rest (to ensure that the observer remained at the hysteresis effects.
required screen distance), and a physical probe for Results and Discussion
matching the perceived depth of an image with the
actual depth of a probe (fig. 12). The probe was Both the correction for depth-perception errors
pencil shaped and mounted vertically at the end of and for head movement are discussed.
a push stick. For images perceived as being behind
the screen, the observer's task was to position the Depth-Perception Correction
movable probe (by using a horizontal movement of The first technique of recomputing the depth
the push stick) to an actual depth behind the screen placement of objects so that they are perceived at the
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desired dIepth is a siniple linear relation. This relation Head-Movement Correction
has been extracted fromn the data presented( iii fignre 5 The head-niovenient correction techniqu nvc ve
within the practical DVV of reference 9. The volumne ta onain ae ntesxdgeso reo

is dlefinedl as ail ini-front dlepth limfit of 25 percent (threefrotational baned olthre tasaixdgesonal forheado

of thle screen distanice an1 it b liind-thle-screenl dlepth (trerttoaadtretasatoa)frha
linft o 60percnt f te sceendisance Le d, Inovenicnt. which are sul)Iplie(1 to the graphics gener-

be thle correctedl dlepthI for screeni distanice D fo i atrb the niagnet ic head positloll sensor (fig. 9). In
objctplaedat eph d Tenadd~it ion. tilie st andard inat mix t ramisforniatloll epila-

4. Then tioiis (ref. 15) are uisedl to correct thle viewp~oinit loca-
tions of b~oth e eves for head Iliovellint . Ikcatise thle

d, 0.88 Id - 0.0l16D (d > -0. 14D) inat rix eqlilatiolis are not niodlifiedl for stereo displa~ys.
they are not p~resenitedl.

d,( d (d 0 (. 1 -11)) The effect oif hlead mioveiiiemit oin thle stereo calcii-

mations involves only' thle chianiges in screen (listanice
which noiist lbe accolunted for wvit hiim the minapp~img

Figuire 1:3 piresenits thle eiiiiirical dat a (with tlie t ransforinat ions (fromii the real-world scene to thle
iieamis averaged (over all silljects and~ repilicates) stereo) DVV. its showni iii fig. 3).
gathiered ando coinpiares thle perceived dlepth vi'ia t he For the derivation, let r equal the dlistanice be-

sujc udmimt(foi iiyia ~rhepaeiimt) tweeii the ceniter of the head's rot at ion and the inid-
against thle coniputi(NI dlephtI (froin lateral (disparity pito i bevrsee.aeultleeea o n
calcuilatiolis) to validate thle dept hi-perception1 COr- gle of thle line coninect iug t hose two points. i equlal thle
rect ion teclnipiiqe. The positive error represenits 01)- iiiterocuilar separation dlistance. D equal the screen
lects t hat are pierceivedl as too far fromii thle observer, distance. equial the forward and backward transla-
and thle positive (depth Iillacellielit represents objects tion of the head froni thle calibrat ion posit ion (initial
placed behind thle vie-wilig screen. The teclniuiiie of zero conidit ion). and 0- ali( %Pi equal the pitch and
recomliplitimig thle dlepthl llaceillient of obijects So that yaw rot at ions, respect ivelvy. of tile head frouii thle cal-
they arc p~erceivedl at thle desired depthI has been quite ibrat ion positioni (at initial zero condition). Also, let
sncccssftil, as evident fromn thle conilparisoll of l)(r- b equial the sin -(i/2ir) aiio D, equnal thev correctedl
(cived depth Iirror withI and wvithouit the correction screen dlistance. Then
t(clhniqule.

D,=D + xr + 2r cos aI sin2 + r sinl a sin0
This t echniiiue has been so suiccessfufl. in fact. t hat 2

0)11f,:i "!"h coijdc ''r7 .. iTg it to extý]] the: lieusaldc DVNTA

for beliimd-thle-screen ob~jects. Reference 9 sutggests a + 2r (c0s b sin- - + r sin b sin qIl
10-percent conifidenice initerval error (lit N rion for t lie 2
lbeliiii-thle-screen hiniit (at (0.(6 t ilies thle screen i (s-
taiice dleph~t). anio tilie correct ion t ecniqiiiqe cert aiiily* Experimental Results
re(lulces lie uueami error at thle 0.6 dlept h placeuiieiit Fgte 4ad1 rsn i iprcldt r
poinit. llowever, as seen iii figure 6. near that extre!ivi Figreesijcs 14nand 15ai presen dthe epoirtwical a afro
(tlie (1.6 dlepith placeiieiit )oý,iit ). thle Conifidenice in dt lre subects (-niovnie Lra pcorioda alporint)hic. hev

terval abollt th lie uian is rapil ' lv dleterioratiing be ipercentho erleaIiovedlientrorrecpionte algorintth. The
caulseI of large Iincreases in the stand~ardl deviationis. pecet ofpt perceived eroritisn plotte agaist the 01)-
Also. thle shlope of thle ~iiani cuirve beginis to chiange etlptilaemeit)Otio (ohaxsren-
rapidlyv and becoiiies less t han 1. alid thle errors be- inalized to screen dlistance) for both a 20-percent

coMli smialler. As thle iliiage is pliaced farther behiindc backward head linoveliient (fig. 14) andl a 20-percent

lie screeni. the p~osit ive slope of thle perceivedl depith forward head mnovenient (fig. 15). Curves are pre-

error ciirve (which is ioleallvy zero) evenit tiallx' becomiies sei it eo for thle cases of mio head niovenient. hlead miove-

niegative. [his piemionieiion is miot inivestilgatedl fuir- ilieit, wit hiout. correct ion. amid head mnovemnent withI

ther in referenice 9 becauise thle region is beyond thle correct ion. A positive error represents objects that

reconiillendhed practical liniits of ulsbledek' ('P h. llkf- are perceived as too far froni thle observer. and a

eremice 9 suiggests. however, t hat this region miiiglit positive (depthl placenient rep~resenits objects placed

repfresenit thle limfits of pe(rceivable depth: t hat is. 110 behind tilie viewing screenl.

Iliat ter how niuicl fart her all iniage is placed behinid The head-niovenemit correction teclniqiiqe effec-
the screen, it is still perceivedl by the observer to be tivehy* elinfiimates thle distortions of depth informna-
the samiie distance away, at least uintil diplopia occuirs. tiomi emnbeddled in stereo) 3-D displays caused by head
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Figure 1. Parallax concept for intro(du(cing depth via sterco-pair display.
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Figure 2. Top view of geometric principle for producing left- and right-eye Views.
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Figure 3. Mapping of "real-world" scene to stereo-viewing volume.
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Figure 4. Overhead view of subject and monitor showing relationship between lateral disparity and depth.
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Figure 5. A 95-percent confidence interval for perceived depth as function of computed depth for screen distance
of 19 in. (16 trials per point).
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Figure 6. A 95-percent confidence interval for perceived depth error as function of computed depth for screen
distance of 19 in. (16 trials per point).
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Figure 7. Head-movement effects with constant lateral disparity in stereo 3-D displays.
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Figure 8. Object translations with head movement.
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Figure 9. Technique for head-movement correction in stereo 3-D flight displays.
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Figure 10. Full-screen nonsterco view.

Figure 11. Stereo-pair view of display formnat.
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Figure 12. Conceptual view of observer station.
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Figure 13. Correction for perceived depth error.
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Figure 14. Parallax effect for backward head movement with and without correction.
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Figure 15. Parallax effect for forward head movement with and without correction.
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